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Gabapentin (l-(aniinamethyl)cycIolwa»« acetic acid; 
Neurontin) is a novel anticonvulsant drag, with a mech- 
anism of action apparently dieefattilar to that of other 
antienileptie agents We report here the isolation and 
characterization Of a [*H]gabapentin-binding protein 
from pig cerebral cortex membrane*. The detergent-aol* 
unitized binding protein was purified 1022-fold; in a six- 
step column-chr omatogranhic procedwe, with a yield of 
33%* The purified protein had an apparent submit of 
130,000, and was heavily glycosylated. The partial N- 
terminal amino acid sequence of the M w 130,000 polypep- 
tide, EPFPSAVTIK, was identical to that reported for 
the oygfi subunit of the L-ftype Ca a+ channel from rabbit 
skeletal muscle (Hamilton, a I*. Hawkea, M. ^ Brush, 
n% Cook, R*, Chang, B. J., and Smilowxta, H. M. (1989) 
Biochemistry 28, 7820-7826). High levels of [^gabapen- 
tin binding sites were found in membranes prepared 
from rat brain, heart and skeletal muscle. Binding of 
FHteabepeatiu to COS-7 cells tranafected with a*8 
eDNA was elevated > 10-fold over controls, consistent 
with the expression of a^fi protein, as measured by weet~ 
era blotting. Finally, purified L-type Ca*+ channel com- 
plexes were fractionated, under dissociating conditions, 
on an ion-exchange column; [*H]gabapentin binding ac- 
tivity closely followed the elution of the subunit- 
[^HlGabapentin is the first pharmacological agent de- 
scribed that interacts with an a 2 8 subunit of a voltage- 
dependent Ca** channel* 



Gabapentin (l^arjomomethyl)cydohexarie acetic acid; Ncu* 
rontin) is a novel e&tiepileptic drug that is orally active in 
various animal models of epilepsy, including maximal eleefcro- 
shock in rats and pentylenetetrazol- or audiogenically induced 
seizures in mice (1-3). Gabapentin ka« also been shown to be 
effective in decreasing the frequency of seizures in medically 
refractory patients with partial or generalized epilepsy (3, 4). 
Although originally synthesized as a lipophilic y-ammobutyric 
acid (GAB A) 1 analogue, capable of penetrating the blood-brain 
barrier, gabapentin does not possess a high affinity for either 
GABA A or GABA B receptors, does not influence neural uptake 

* Tha coats rf publication of this Article were defrayed in part by the 
payment of page churges. This article miurt therefore be hereby marked 
"advtrti&mentr in accordance with 18 US.C, Section 1734 solely to 
indicate this fact. 

5 To whom correspondence ahottld be addressed, TeL: 44-1223-210929 
(ext. 364); fax: 44-1222-249106. 

1 The abbreviations used are; GAJBA, y-aminobutyric add; BCH, 
2-iroaobicydo-[2,2.1]^^ add; BigCHAP, N,N-bi*-<3- 

c^^n™^prwypchoWde; MK-90X, r^^lOSH+^mirtHyl- 
10,1 iKllliyar(>-0KHiil!>ea8oia,d|cyclohepten^ I 10-hnine (Dixolripine): 
CHAPS, 3-{(3H&oLsimidopropyl)dimethyl 
add_ 



of GABA and does not inhibit the GABA-metaboli*ing enzyme, 
GABA transaminase (EC 2.6.1.19) (3, 5), Moreover, gabapentin 
does not affect voltage-dependent sodium channels (the Bite of 
action of several antiepileptic drugs, including phenytoin, car- 
pamasepine, and valproate) and is inactive in assays for a wide 
range of other neurotransmitter receptors, enzymes, and ion 
channels (5, 6). 

A single high affinity (Sj> = Sfl e 2.3 nM) binding site for 
PHJgabapentin in rat brain baa been described (7). Radioligand 
binding to brain membranes was potently inhibited by a range 
of gabapentin analogues and by several 3-alkyl-subfltimted 
analogues of GABA, although GABA itself was only weakly 
active. Other antiepileptic drugs including phenytoin, diaze- 
pam, carbamazepine, valproate, and phenobarbitone were in- 
active. Gabapentm (IC50 - 80 nx) and CaSV3-isobutyl-GABA 
(ICgo =a 60 nM) were the roost active compounds identified (7). 
The (S+^enantiomer of 3-isobutyi-GABA was significantly 
more active than the (ff-)-enantiomer both in displacing 
PH] gabapentin binding and in preventing maximal electro- 
shock seizures in mice (8). These data strongly suggest that the 
protein defined by PH] gabapentin plays an important role in 
controlling the excitability of neurons. 

Despite extensive research the mechanism of action of gaba- 
pentin remains unclear. In vivo behavioral studies have sug- 
gested the possible involvement of the glycine co-agonist site of 
the NMDA receptor complex in the anticonvulsant action of 
gabapentin; intracer ebic ventricular administration of D-serine 
<a glycine tote agonist) reversed the protection afforded by 
gabapentin against chemically induced seizures in mice (9). 
However, radioligand binding assays have not shown gabapen- 
tin to inhibi t at^ychnirke-inaensitive [^^glycine binding to 
brain membranes, or to influence the binding of PfDMK-SOl to 
the NMDA receptor channel (7). Other reports provide some 
evidence for an interaction between gabapentin and an L- 
system amino acid transporter; gabapentin crosses the intesti- 
nal membrane by a saturable process that is competitively 
inhibited by leucine (10). Moreover, the binding of l 3 HJgaba- 
p&ntin to brain membranes is potently inhibited by neutral 
L-amino adds and moderately inhibited by the L-sy&tem sub- 
strate, BCH (IX), On the other hand, membranes prepared 
from tissues known to exhibit L-system transport activity (e.g. 
kidney) appear to lack [*H] gabapentin binding sites (7). Thus, 
the relationship between the L-system transporter and the 
[ 3 H) g&bapen tin-binding protein mnairts unclear. 

To identuy the molecular target for gabapentin, we have 
purified and characterized a pHlgabapentm-binding protein 
from pig cerebral cortex membranes. Partial N-terminal se- 
quencing identifies the protein an on ttjfi subunit of a voltage- 
dependent Ca 3 * channeL This identification is supported by 
several lines of evidence, including heterologous expression of 
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rabbit skeletal muscle oufi cDNA in COS-7 and HEK cells; and 
radioligand binding and i™™nttflfrlofftins; stadias, after column 
fractionation of purified L-type Ca 94 " channel complex** under 
dissociating eooditions. 



EXPERIMENTAL PROCEDURES 
Material*— Pis brains were obtained fresh from the local abattoir 
and traasported to the Uhoratory on ice. All detergents were Scorn 
Calbiochem Ltd, NomngHam, United Zm#lom (UK). Hycbrayepatite 
was obtained from Jones Chromatography, Heugoed, Mid Glamorgan, 
UK All other chromatography media were from Fh armaria Biotech 
Ltd,, Milton Keynes, Bucks, UK Mmi-proteaa Tt precast gradient gels, 
and reagents for suver staining, were from Bio-Rod laboratories, 
fTemei Hempstead, Herts, UK. Ultrafiltration cells and YM-10 mam 
branes were from Amicon Ltd,, StcnahouHe, Gloucester, UK GF/B 
fitter* were from Whatman International, Maidatone, Kent. UK, Gly- 
copeptiqW & was from Boehringer m*™!*^™ Lewes, Bast Sussex. 
UK Lipofectamlne and cell culture media were obtained from Life 
Technologies Ltd., Paisley, Ibnnwahire, UK Monoclonal antibodies 
raised against rabbit skeletal muscle a x (12) and £ (18) subunits were 
from TC$ fiiologicala Ltd,, Botolph Claydon, Bucks, UK, Other stand- 
ard reagents ware obtained from cither Sigma, Poole, Dorset, UK or 
PSA Supplies, Uughborough, LeiceatBrahire, UK. TOlCabapentin 
(57.7 Ci/mmal) was custom synthesized by Amersham International, 
Amersham, Bucks, UK f*E]Nitrendipiue was obtained from Du Pont 
Ltd., Stevenage, Harts, UK Unlabeled gabapeutin and the enantiomera 
of 3-isobutyl GABA were obtained from Parke-Davis, Ann Arbor, ML 

Radioligand Binding Assess— Kralmg of pH)^ 
proparatioofl was carried out at 22 *C in 10 ma Hepes/KOH, pH 7.4, for 
46 mm. Assay tubes contained 125 ul of 20 ran Hepes/KOH buffer, 2a 
/J of protein, 25 yX of lUlgabapentin (final assay concentration 20 um), 
and other additions as required in a anal volume of 260 /d. Nonspecific 
binding was defined aa that obtained in the presence of 10 fiM (5+>-3- 
isobutyl GABA. Separation of bound and free ligand was effected by 
rapid filtration through 03% polyethyleneimme-hnpre^nated GF/B fil- 
ters- Filters were washed three times with 4 ml ofccM 50 mM Tris/HCl, 
pH 7.4, and counted in a scintillation counter. Typically, 10 pi of crude 
soluble brain extract gave total counts of around 4000 dpm, with a 
background of 250^300 dpm fcc over 90% specific binding). Bmding of 
[ B HJgabap.entin to particulate fractions was performed as described by 
Suman-Chauhan et at. (7), (^Nitrendipine binding waa carried out at 
room temperature for SO min in 150 mu NaCl, 2.5 mu CaCl^ 50 mx 
Tris/HCl, pH 7.4. Reactions were Stopped by rapid filtration through 
GF/B filters as described above. Nonspecific binding was defined as that 
obtained in the presence of 1 nifedipine Competition binding data 
were transformed and analysed using Graphpad INPLOT version 4.03 
(Graphpad Software Inc.). Saturation data ware analyzed using 
LIGAND version 3.0 (Eleevier-Bioaoft). 

Preparation of DetBrgBnt-ealubilixed Pig Brain Membranes— This 
procedure and all other operations in she purification scheme were 
earned out at 4 *C unless stated otherwise. Fig brain cortex (up to 35 g) 
was homogenized m 10 volumes of buffer A (0.32 m sucrose, 1 mM 
BDTA, 1 msc EGTA, 10 mu Hepes/KOH. pH 7.4) by sir strokes of a 
glass/Teflon horaogenizer at 600 rpox After removal of the pellet span 
at 1000 x g for 10 min, the supernatant was centrifuged at 40,000 x g 
for 20 min and the resulting pellet was rcsuapended in 10 volumes of 
buSer B (Buffer A without sucrose). Following 30 min of continuous 
stirring, membranes were pelleted as above and reauspended in approx- 
imately three volumes of buffer C (1.25 mM EDTA, 1.25 mfti EGTA, 25% 
glycerol, 12.fi mw Hspes/KO**, pH 7.4) at a concentration of 3 mg of 
protein/mL Larger quantities of tissue (>100 g) were processed as 
indicated above, except that a Waring Blender was used in the initial 
homogemzataon step. Solobilisarioa was earned out by combining four 
volumes of membranes with one volume of 2% Tween 20 and miaoog in 
end-over-end fashion ibr 1 h. The mixture was centrifuged at 100,000 g 
for 1 h, and the resulting soluble fraction was decanted 

tySepharo&e Chromatography — Tween 2fcBolubUued proteins were 
loaded at 4 ml/min on to a Q-Sephareae PF column (2,6 cm (internal 
diameter) x 37 cm) equilibrated with 0.08fc Tween 20, 10 mM Hopes/ 
KOH, pH 7.4. The column was washed with 250 ml of Hepes buffer 
before elation with a linear gradient of NaCI (0-750 mazr) in a total 
volume of 1 liter of Hopes buffer. Fractions do ml) were collected, and 

nKtjnntm ww« $or PHle/obapeafcin binding activity. Active thu> 

tiona were operationally denned as those exhibiting binding; activity 
values of > 30* peak height. 

Lentil Lectin Chromatography— Acim fractions from the Q-Sepha- 
roea column were pooled, brought tolms CaCyi msr MnCl, (te a 



100X stock solution), and loaded at 10 ml/h on to a lentil lectin- 
Sepharoee4B column <2.« cm (internal diameter) X 4 cm) smfl ib rated 
in 0.08* Tween 20, 40o mu NaCl, 1 mjc Cad,, I mta JUnCL, 10 mM 
Hepea/KOE, pH 7.4, The column was washed with 20 ml of equilibra- 
tion boJfer at 10 ml/h followed by 30 ml of buffer at 20 ml/h! Buffer 
containing 0,5 m methyl^D-mannooyrnnoaide was applied to the col- 
umn, and the pump was switched off fa* 2 h. «n» column was then 
eluted at a flow rate of 2 nuTh, and 2.ml n^ctions were collected 

Sephacryl S~4QQ Chsc*natogr iX phy--Acti*e fractions fimn the lectin 
eohnnn were pooled, concentrated to 8.0 ml by ultraffltratmn using a 
YM-10 membrane, and subjected to gel filtration chromatography The 
sample was loaded at 1 ml/min on to a Sephaeryi 3*400 oolnmn (2.6 cm 
(internal diameter) X 92 cm) equinbratad m a 06% Tween 20, ISO mM 
NaCl, 10 mid Hepea/KOH, pH 7.4. Active fractions (10 ml each) were 
pooled and subjected to two cydaa of nltra^tration and dilution with 1 
mM Nad (final a sit concentration — % mw i ' " 

Hydraxyapatitt Chromatogrnphy^um protein was leaded at 7 ml/h 
on to a hydrmcyapatite column (1 cm (internal diameter) x 5.7 cm) 
eoiwlibrated in 0.08ft Tween 20, 1 mu Ns^BPQJH^O^ pH 7,4. Afbar 
washing- with 20 ml of 1 mM Nad containing 0,06% Tween 20, the 
column was oluted at 5 ml/h with a imear gradient of 0-0.2 m 
Na s HF0 4 /IU > O AI pH 7.4, in a total volume of 100 ml of equilibration 
bufler. The high salt solution was maintain cd at 60 "C in a water bath 
to prevent crystallization . Active fractions (2 ml each) were pooled and 
brought to 150 mil NaCl from a 5 m stock solution. 

Wheat Germ Lectin Chromatography^ -Tne sample from the hydroxy- 
apatite column waa loaded at 4 mVh onto a wheat germ lectin-agarose 
column (1 cm (internal diameter) X 5 cm) equilibrated with 0.08% 
Tween 20,450 m* NaCl. 10 mM Hepes/KOH, pH 7.4. The column waa 
washed with 6 ml of aqujlihration buffer and eluted with 0^5 Bf N- 
acetyl-D^ncDBaminB in eo^ulifaratHm buffer uain^ the two-step proce- 
dure outlined above for the lentil lectin column. Active fractions (2 ml 
each) ware pooled and diluted (1:6) with 0,08% Tween 20, 10 mu Hepes, 
pH 7.4 (at 22 a O. before application to a high resolution ion exchange 
co l um n 

Mono Q Chromatography— Afte* filtration through a 0.2 /am filter, 
the sample waa loaded by means of a 50-ml Superloop on to Mono Q HR 
5^ column eo.uihbrotcd with 0.08% Tween 20, 10 mM Hepes/KOH, pH 
7.4, at 22 a C. Bound proteins were eluted with a linear NaCl gradient 
(0-750 mw) in a total volume of SO ml of buffer A. Fractions (1 ml each) 
were collected and aliquot* analyzed in the radioligand binding assay 
and by SDS^polyacrylamide gal electrophoresis. 

Pwific&tiMi of Skeletal Musd* CV* CnojmeJ^Memhranee were 
prepared from fresh muscle tissutf following the method of Nakayame e$ 
aL (14). Detergent selubilisatum was performed as described for brain 
membranes (see above) except that digitonm (1% final concentration) 
was used. Ca 3+ channel complexes were purified by sequential chroma- 
tography on wheat germ lectm^a^aroae and Mono Q. Column buffers 
were identical to those described shove, except that digitonin (0.1%) 
replaced Tween 20. 

Degbfcvsyfotion with Gfycopeptidoae Aliquoto (60 ul) of punned 
E^gBbapentin-binding protein ware mixed with 25 ul of either 0.5% 
SDS, 0.1 m 2*mereaptaethanoI or water and heated for 5 min at 100 B C. 
After this, the fbUowing additions were made: 25 of 0.5 m Tris/MCli 
pH 8.0, 10 Ml Of 0.1 M EDTA/NaOH, pH «.0, 10 ,d of 10% Tween 20, pH 
3.0, and either 0.5 al or 2^ uj of grycopeptidase F (200 onita/ml) or 
water for controls. DeglycosyiaUon was earned out for 18 h at 37 'C, 
aftar which samples ware analyzed by SDS-polyaoylamide gel 
electrophoresis. 

Protein Sequencing— Th* purification procedure was modified to al- 
low tbe production of sufficient materiel for N-tenninal protein se- 
quencing. Briefly, the hydroxyapatite end wheat germ lectin columns 
were replaced with a single Cu^-charted iininodiacetic acid^epharose 
column. Full details of this modified procedure will appear elsewhere,* 
The final sample of purified C^gaJ>apentin-binding: protein (5 p& was 
elecsropnorescd on a 10% SPS-polyacrylanunc gel and electroblotted on 
to an Immobilon P membrane, Tne blot was stained with Coomasaie 
Blue and the M T 130,000 bend excised and sequenced on an Applied 
Bicsystcma 477A aequencer. 

Stablt Expression. ofcBNA in HEK233 CeU*~JCEK. 293 cells wore 
transfected using Upofectamme-mediatod transfoction with two 
pcJDNA3 derivatives, one containing rabbit skeletal muscle cDNA 
and the other containing human neuronal p subunit cDNA. Stable cell 
lintn. were mdscted using Cwia at a conccnEration of 600 at/ml medium. 



*J. P. Brown, V. U. K DiSBOaiayako, A_ Briggs, and 
manuscript in preparation. 
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FlC. 1. Four of the six colunm^tbaromatographic steps of the purification scheme A, Q-Sapharase; iL Saphacryl S-40Q: C bydroxyao- 
atite; D, Mono Q 5/5. binding activity; - - - v ji^^ ^ 



These call* were originally developed for studies an recombinant Ca 3 " 1 " 
chftO B ft l fl with different ct x subunits, hance the co-expression of and 
subunita, The cdl lino designated 2L contained high level** of o^S and 
P mR^A and protein as measured by Northern and Western blotting, 
respectively. Membrane* were prepared from 2L and HEK 293 cells by 
hypotonic lywii and horn □ genu ation. Extracts were centrifuged at 3000 
X s, and the resulting supernatant was centrifuged at 50,000 X g to 
pellet Membranes. Cell membranes were assayed *br pHJgabapantin 
binding activity as described above. 

Transient Expresewn of c^8 cDNA in COS -7 CWto— CGS-7 eatis in 
Dulbecco*s modified Ease's medium, 10% fetal bovine serum wars 
seeded at 3.8 X 10° ctUs/eo-Mtt Petri <fcah. Diane* were incubated for 
18 h at 37 *C in on atmosphere of 5% CO a in air and transfectec with 5 
ng of plasmid ONA by Lipofbctammo-meditited transaction. After an- 
other 4fl h, cell membranes were prepared and assayed for [ 3 Hlgeba- 
penua binding activity as described above. 

OH XteTrcpJwrtste-^SDS-potyacry] amide gel slactrOpheresia was 
performed in 4-20% gradient gels using the Laemmli (15) buffer Sys- 
tem. Gels were stained using the Bio-Rad ailver staining kit according 
to the man nfa r Eurer'a instructions. 

Western JJ^om'n^Proteina were ck^ctrophorctically transferred to 
nitrocellulose sheets at 25 mA far 72 h according to the method of 
Towbin et aL (16). Blots were incubated with blocking buffer (2% milk 
powder In 50 nut Tris, 160 mU NaCl, pH 7.5), for 30 before 
incubation with e*im*xy antibody for 18 h at 4 "C. Blots were wushsd 
five times with blocking buffer, over lfi nun, be/ore addition of horse- 
radish panuodwe-conjugatcd second anribody. After S h, blots were 
washed as above, followed by three rinses in buffer lacking milk pow- 
der. Peroxidase activity was detected either using 3-aniirjo-9H9thylcar- 
bezole substrate, as described by Graham e$ a/. (17), or by chemilumi- 
nesceiice using a kit supplied by Amersham Internationai 

Protein Ddermmatinna — Protein concentration was determined by 
the method of Bradford (16) using bovine serum albumin as a standard. 

RESULTS 

Solubilization, of the PH]Qabaptntin-binding Protein— Al- 
though most studies on the [^gabapentin-binding protein 
have been carried out in the rodent (7, 8, 19), a species such a* 



the pig has obvious advantages as a tisane source for protein 
purification work. Binding of pHlgabapentin to mambranes 
prepared from various pig brain regions was therefore exam- 
inerL Specific activity value* for occipital cortex, parietal Cot> 
teat, frontal cortex, hippocampus*, striatum, thalamus, cerebel- 
lum, and brain stem were 836, 001, 509, 399, 323, 278, 179, and 
123 dpin/mg, respectively. Membranes prepared from whole 
cerebral cortex were used in all subsequent experiments. 
Treatment of membranes with solutions of either high salt (up 
to 4 u NaCl) or BDTA (up to 50 him) released <3% of the 
P fflgahapentin binding- aitea. These data suggest that the 
i 5 Hl gabapentm-b4ndim* protein is probably integral to the 
membrane. Several detergents proved to be effective solubiliz- 
ing agents; 0.4% Tween 20, 0.2% Triton X-114, 0.2% Triton 
XrlOO, 0.5% BigCHAP, and 0.4% Brvj 35 solumlized 52,3 x 
5.0% (n = 3), 49.2 ^ 16.3% (n = 3), 34.3% (n = 2), 41.0% (n = 
2), and 33.7 * 5.7% (n = 3) of the [%Je^ibapentin binding sites, 
respectively. Dissociation constants (K n values) for the soluble 
fractions wore in the range 32.7-68.9 nu, comparable to the 
values obtained with brain membranes (values in the range 
six different batches). Tween 20 was used for large 
scale purifications, as it gave a aoluMe fraction of a higher 
specific activity than any of the other detergents tested (data 
not shown). 

Purification of the FfflGabapentin-binding Protein— In the 
purification procedure the chromatographic columns were or- 
dered to maximize resolution and TninimiTse the number of 
intermediate conditioning steps. Solubilization of brain mem- 

brnnne in. n low ionic strength- buffer with Twooa 50 (a non-ionic 

detergent) allowed direct application of the crude 100,000 x g 
supernatant on to an anion -exchange column. Two batches of 
extract, each prepared from 250 g of pig cerebral cortex, wore 
processed on Q-Sepharose FF. Kg, M shows a typical gradient 



PAGE 15/21 * RCVD AT 5/10/20M 1:59:54 PM [Eastern Daylight Time] ■ SVR:USPT0-EFXRF-1/2 * DNIS:8729306 * CSID: 7346222928 * DURATION (mm-ss):1 M6 



May-10-2004 02:08pm From- PATENT PFIZER ANN ARBOR Ml 7346222928 

The [ s HJGabapentin-binding Protein 



T-285 P. 016/021 F-428 
5771 



Table I 

Purification of <ae FWgabQpwtin-bindmg protein 
iJ^^^f™™ " described under ^xperimentel Prqceduraa." Binding activity waa determined usiflg 20 BM ra^fthapimfan, ND, not 
dcrarmW; shqnot of pooled material that was saved for binding assays to reactivated by freezing fa— "Reunite*). 
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elution profile obtained With this column. The peak of 
PH]gabapenfcin binding activity emerged at around 400 mil 
NaCl, although considerable trailing was usually observed. 
Re-chromatography of the later elating fractions also yielded a 
peak of activity at 400 mu NaCl, suggesting that the trailing 
phenomenon was not due to protein heterogeneity. Further 
chromatography was performed on lentil lectm-Sephnrose, af- 
ter addition of Ca 2 * and Mn a+ ions (each 1 mu) to the poolad 
Q-Sephaxosa extract. These ions caused little or no interference 
in the [ 8 H3gBb&peutin binding assay. Equilibration of the lentil 
lectin column with Sugar-containing buffer for 2 h before elu- 
tion resulted in a sharper peak of binding activity, and thus 
facilitated chromatography by gel filtration Qfcg. lSft The ac- 
tive material from the Sephacryl S-400 ^i™™™ was subjected 
to two cycles of ultrafiltration and dilution, to reduce the ionic 
strength of the sample, before application to the hydroxyapa- 
uta column. This method of salt remove} was much faster than 
dialysis and gave a higher recovery of f^gabapentm-binding 
protein. While fractionation on hydroxyapatita (Fig. lO was 
Straightforward, provided the elution buffer was prevented 
finm crystallizing, the eluted material could not be frozen with- 
out a substantial lose of PHJgabapentin binding activity. This 
phenomenon was not investigated systematically, but the de- 
gree of inactivacion appeared to be related to the rate of sample 
cooling. As a precaution, we avoided freezing samples in phos- 
phate buffer and applied the pooled active material directly on 
to the wheat germ lectin-agarose column. Further chromatog- 
raphy an Mono Q (Fig. 10) allowed the removal of the sugar- 
containing buffer from the previous step and most of the re- 
maining protein impurities. The progress of one purification is 
summarized in Table I, The specific activity value for the peak 
Mono Q fractions was 1594 pmol/mg, which corresponds to a 
1022-fold purification over the starting membranes* A lower 
value of 1X53 pmol/mg was calculated for the relatively dil ute 
total Mono Q pool. Stepwise recoveries were in the range 45- 
72%, and the overall yield was 3.9% or 0.24 /xg of gabapen tin- 
binding protein/g (wet weight) of pig cerebral cortex. 

Biochemical and Molecular Properties of the Purified 
FfflGabapentin-binding Protein— As shown in Fig. 2, the pre- 
dominant species m the Mono Q eluent was a polypeptide with 
an apparent aubunit M T of 180,000. An additional, mint, diffuse 
band (M r 25,000), whose intensity paralleled that of the M T 
130,000 band could be visualized if gels were either overloaded 
or stained twice (data not shown). Under non-reducing condi- 
tions, neither of these bands was observed; instead, the puri- 
fied protein migrated as a single species with an apparent M r of 
170,000 (data not shown). The [^Igabap^tin-bmding protein 
ia therefore composed of non-identical summits covalently 
linked by at least one disulfide bridge. Gel filtration of the 
purified protein on a Superose 6* column yielded a molecu la r 
size for the Tween 2 O- [ a HJgabapentin-bmding protein complex 
of 260 kDa (n = 3). This is broadly consistent with a species of 
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Ffcc 2. SDS-polyacryiamide gal electrophoresis of purified 
PHlgabapentin- binding p**t*in eluted from Mono Q. jtf, marker 
proteins. Apparent aubunit Jf, valnaa ( X 10~ 4 ) of the markers m 



170-kDa binding to a-miceDe of detergent- However, chroma- 
tography of Tween 20-solubuized membrane proteins yielded a 
molecular autc for the pHlgatepentm-bmding protein of 430 
kDa (n = 4). Preliminary experiments suggest that the alter- 
ation in molecular size occurs during Q-Sepharose chromatog- 
raphy (data not fchownX 

The retention of the pHlgsnapentm-binding protein by lectin 
columns suggested that the protein was probably glycosylated. 
Incubation of the reduced SDS-deuatured protein with high 
concentrations of glycopeptidaae F led to a decrease in the 
apparent subucdt M r from 130,000 to 105,000 (Fig. 3). Purified 
[ 3 HJgabapentiU'buidiag protein that had been subjected to 
heat denaturation without SDS and 2-mercaptoethanoI was 
resistant to the enzyme. Thus the PHlgabapentin protein ia 
heavily glycosylated, with ^-linked cOigosaccharide chains that 
are accessible to glycopeptidase F only under folly denaturing 
conditions. 

Pharmacological Properties of the Purified Protein— Several 
compounds were evaluated in competition assays with 
Pmgabapentin using the purified f^gabapentm-hinding pro- 
tein (Fig. 4). <£+)-3-J*obutyl GABA potently inhibited 
PHlgabapentin binding with an IC M value of 40 am (cf. gaba- 
pentin, IC^ » 50 um), while the C«-^enantiomer was nearly 
an order of magnitude less elective" QC S0 = 370 hm). A stere- 
oselective requirement at the pHJgabapeutin binding site was 
even more pronounced for the L- and D-enantdomers of leucine 

( ic oo valixoff <>f SO And 10,000 iui, respectively). Tho parw4i^p> 

L-system substrate, BCH, displaced pHjgabapeatin binding 
with an IC W of 6dl um. Similar results to these were obtained 
both with brain membranes and with Tween 20-flolubilized 
preparations- Thus, the pharmacological characteristics of the 
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Fig, 3. S08*po1y»ory]iinide gel tdertatrohorcsis of [*H]gnba- 
pcniin-binding protein showing tbe effect at glyoopeptidase F 
treatment. Prior to deelyeoaylanott, samples of [^gabapentin-bmd- 
iag protein (/ones 1-6) car buffer (Zane* 7 and 9) wan boiled in either the 
absence (lane* I~3 and £) or the presence (Mne$ 4*7) 0<f SES^-mercep- 
toethanoj. Lanes 1 and 4, no enzyme; 7a»*s a»d 5, 0.1 unit of enzyme; 
tones 5 and 6-»S, 0l5 unit of enzyme. 




-7 -6 

Log Molar concentration 

Fra. 4. Inhibition off [*H]g*bapratin binding to the purified 
protein. Various amino acida and related compounds were tested for 
their ability to inhibit radioligand binding. Each point in the deae- 
respOASe curves represents the mean from three Bepsxate experiments, 

°'ifr^'' i80butylGABAaC M " 40 »0* (fl->3-isobutyl GABAdC^ 
" 370 nM* ^leucine (IC^ = 80 nM>, X, D-leadne aC M = 10,000 nM), 



[ 3 H]^»bapen tin-binding protein appear to have been preserved 
following detergent solnbiUxation and subsequent isolation of 
the protein. 

N-terminal Sequencing and Identification of the [ 3 H]Gaba- 
pentm-binding Protein — The availability of microgram quanti- 
ties of highly purified pig brain [ a H]gabapentin-binding protein 
allowed us to obtain a partial N-terminal sequence for the M r 
130,000 polypeptide, Two preparations of protein were ana- 
lyzed, and, in each case, 10 cycles of readable sequence were 
obtained. Both sample* gave the same sequence: EPFP8AV- 
TIK A homology search showed that the N-terminal sequence 
was identical to that reported for the cu^ aubunit of the rabbit 
skeletal muscle voltage-dependent L-type Ca* + channel (20). 
The same stretch of amino acids ia also found in the sequence 
deduced by cDNA cloning for the human brain a 2 S Ca*+ chan- 
nel subunit (21), The corresponding sequence for the rat brain 
tx^B sequence contains a prolyl instead of an alanyl residue at 
position 6 (22). 

Tissue Distribution of PHjQabapentin-binding Site* in the 

Bat— The binding of r*H] e *b*pentin to membra*** prepared 
from some 14 rat tissues was examined. As shown in Pig. 5A, 
the highest level of [*H]gahapeatin binding sites was observed 
in skeletal muscle. Significant levels were found in cerebral 
cortex, cerebellum, forebrain, and heart. Trace amounts of 
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Fte. 5, Specific binding of [^fiflgabapentin (A) and r*H] nitren- 
dipine CS) to membranes prepared rrnm vaHoua rat tissue*. The 
results represent mean values = S.E. of three separate experiments 
performed in duplicate. 

PHlgabapentin binding sites were found in lung, spleen, liver, 
and kidney, but pancreas and intestine were devoid of activity! 
In rat muscle membranes [ 3 HIgabapentin bound to a single 
population of sites with high affinity (K D ~ 29 nM), edmilar to 
that reported for Tat brain Competition experiments with 
and (fl - )-34&obutyM3ARA, o- and ^leucine, BCR, and 
gabapentin gave a rank order of potency that waa identical to 
that obtained with the purified pig [ 3 H]gabapentin-bmding 
protein (see Fig. 4). The distribution of dihydropyridine-sensi- 
tive L-type Ca a "^ channels as denned by [^nitrendipine <Pi^. 
55) was similar, although not identical, to that for ft z £ summits 
labeled by Pfflgabapentin. 

Heterologous Expression of a s S cDNA — Binning of [*H]gaba- 
pentin to 2L cells, which express the rabbit skeletal muacLa a^S 
protein and a human neuronal 0 subunit, and to parental HEK 
293 cella, waa examined. As shown in Kg. 6A, specific 
(^Qgabapentin binding to 2L cell membranes waa approxi- 
matery 85-fold higher than to HKK 293 cell membranes. The 
trace levels of specific ( 3 H]gabapentin binding to HEK 293 cells 
(and to kidney membranes; Pig. SA) is probably explained by 
W level expression of endogenous Ca 3+ channel aubunits. 
Indeed, splice variants of o^fi have been detected in BEK 293 
cells by polymerase chain reaction methods (23). COS cells 
tran*6>ctod witb pd>NAa/«afi cDNA expreaaed > 10-fold higher 
levels of E*H]gabapentin binding sites than COS colla trans- 
tected with vector aloue (Fig. 6A). This waa consistent with 
increased expression of o^S protein as measured by Western 
blotting (Fig. 6£). The electropharetic properties of the ex- 



PAGE 17/21 * RCVD AT 5/10/2004 1:59:54 PM [Eastern Daytight Time] * SVR:USPT0-EFXRF-1/2 * DNIS:8729306 * CSID7346222928 * DURATION (mm-ss):10-06 



May-1 0-2004 02:09pm From- 



PATENT PFIZER ANN ARBOR Mi 



7346222928 



T-285 P. 01 8/021 F-428 



The 




0 100 200 300 



pH]gab8pea2m(nM) 

Flo. b\ Ar binding of pHlgftopeattn to HEK <o), ZL (o)jflaUd COS-7 
(c and of) cajl msnofrraaea, The results represent the mean values ± 
Of tour separate experiments performed in duplicate (E&K and ILL ceua) 
or two eoqwimentB with replicates of six (COS-7 cells). The 2L line 
stably expresses «a5 and A aubunits and is a derivative of HEK 293. 
COS Cells were tranafected either with pcDKAS alone (c) or with a 
pcDNAn3/oa2 construct (<£>. The concentration of TOlgubapentin in the 
COS-7 experiments was 60 mt. 5 ? immmiohJlOttlng of COS-7 cell mem- 
brans* using an aftinity-purified anti-Oa antibody. Membranes were 
electropaoresed either under reducing (Zones 7-5) or ium-rcducing 
(Janes -4— 6) conditions. Lanes 1 and 4 f sample c (6 of protein); Mites 
5 and sample d (& pg of protein); /one* 3 and 6", 200 ng of purified pig 
brain P^Gabsneirtin-bjnaing protein, a* /rug. marks the position of a 
proteolytic tejnradation product Of the pure protein. C, Scatchard anal- 
ysis of binding data obtained with COS-7 cell membranes (sample d). 
The data shown are from one representative experiment 

pressed a^S protein were consistent with those reported for the 
skeletal muscle protein (24). In COS-7 cells tranafected with 
ct?8 cDNA, I a H]gabapentin bound to a single population of sites, 
with high affinity {K D - 13 ixu\ with a m&jtimum binding 
capacity of 17,8 pmoVmg of protein (Fig. 50. Similar results to 
these were obtained in a second transfection e^eriment (K D * 
19,8 tm: B mn , * 25-9 proolAng). 

Fractionation of Partially Dissociated Ca J+ Channel Com- 
plexes — Ca** channel complexes were purified from digitanin- 
soluhiliaed skeletal muscle membranes by sequential chroma- 
tography on wheat germ lectin-agarose and Mono Q. Fig. 7A 
shows a sflvex-stamed SDS-polyacrylamide gel of the Mono Q 
ehient (lanes correspond to every fourth fraction). An unequiv- 
ocal assignment of the and polypeptides, which are visible 
on the SDS gel, was achieved by imrounoblotting (Fig. 7J3). The 
<*i and or 3 8 subunits showed markedly different elution profiles, 
consistent with partial disruption of the Ca a+ channel com- 
plexes. pHJGabapentin binding activity, which eluted as two 
overlapping peaks (Fig. 7C) ? closely followed the elution of the 
ft^S polypeptide, The a ± aubunit eluted as a single peak, coin- 
cident with the second peak of [ fl H]g*bapentiri binding activity. 

The twn Ai^^-cnTit^inmff peak nVacrtiana, and the material ap- 
plied to the Mono Q column, were further examined by immu- 
noblotting using a higher gel loadings. In the case of the /? 
suhunit, which could not be visualized using 3-am*no-9-etbyl- 
caxbazole substrate, a more sensitive limwnol-baaed detection 
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Fig. 7. A, silver-stained SDS-poiyacryiamide ga] of akatetal muscle 
I- type Ca 3 * channels purified on Mono Q. The column was eluted with 
a linear NaCI gradient (0-750 my), and 1-ml fractions were coQected 
(total gradient volume of 75 ml). Levus* 1-9 correspond to fraction 
numbers 24, 28, 32, 36, 40, 44, 48, 52 T and 56, respectively; a 
aliquot of each fraction was analysed; lane 10, molecular weight mark- 
ers, inununoblotting of Mono Q column fractions. Nitrocellulose biota 
were prepared from two gels, each identical to the one described above. 
Biota were probed either with a monoclonal antibody against the skel- 
etal muscle suhunit or with a polyclonal antibody raised against the 
pig brain a 9 suhunit. Only the relevant portion of each blot is shown, C, 
binding of ['Bjgabapentin to Mono Q fractions. Assays ware performed 
in triplicate (20 ul of sample/assay) with 20 n* f^HJ^abapentin. 

system was used. Fig. 8 shows that the material applied to the 
Mono Q column contained a„ a 2 5, and 0 subunits, Like the * x 
suhunit, the p aubunit was found only in the second peak of 
[^HJgahapentin binding activity. The amount of (*H]gabapen- 
tin binding activity in the three samples was broadly consistent 
with the amount of o^o 1 polypeptide as measured by 
immunoblotting. 

DISCUSSION 

Tho purification of the dotergent-oolubiUzod [^Hlgnbapeo tin- 
binding protein from pig brain was achieved by sequential 
chromatography on Q-Senharoae, lentil lectin, Sephacryl 
S~400, hydroxyapatite, wheat germ lectin, and Mono Q. The 
protein in the Mono Q eluent was analyzed on a 4-20% gradi- 
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Rf& S. Binding assays end imnuao* 
blotting erf pooled wheat germ olnent 
Mono Q peak fractiona. Nitrocellulose 
blots were prepsu-ad from three identical 
SD&^olyaayl&nude gel*. Zona 1, wheat 
germ dram (fi vXKkeie2, Mono Q peak 1 
(40 m1>t /w 3, Mono Q peak 2 (40 ,4). 
Each blot was probed with a duTerent pri* 
mury antibody and an appropriate horse- 
radish peraxidase-canjugated aooond an- 
tibody. Pftroxidsse activity was detected 
using 3HRnuno-9-ethyiGBrhaao|a and 
^6 ^jnbunita) or luminal ifi MubunjtX 
assays on the 
performed in 
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ent SDS-poryucrylamide gel, which covens a broad range of 
molecular weights. The amount of radioligand binding paral- 
leled the mtensity of the M T 130,000 band, although other faint 
co-elutSns bands were observed* The possibility that [ 3 H]gaba- 
pentin might bind to one of these quantitatively minor compo- 
nents was excluded in other experiments (see below). The final 
specinc activity, based on the peak Mono Q fractions, was 1584 
pmoVftu* This value is approximately 5-fold less than that 
expected, given a starting specific activity value of 1.55 
pmnVmg for brain membranes. However, the low concentration 
of protein in the Mono Q eluent and the presence of Tween 20, 
which interfered with the protein assay, precluded an accurate 
determination of specific activity. The susceptibility of the pro- 
tein to iuactivation, which waa particularly evident in phos- 
phate buffers, may also have been a contributory factor. Id all, 
we have prepared five batches of [ a H] gabapentin-bmding pro- 
tein using this, or a very similar, procedure. Preparations of 
higher purity, though with reduced microgram yields, could be 
obtained either by reducing the amount of starting material, or 
by judicious selection of fractiona to be pooled. However, the 
purification scheme described here offers a reasonable compro- 
mise between yield and purity. 

The partial N-terminal sequencing of the M v 130,000 
polypeptide was a crucial step in the identification of the 
pH]gabapentin-binding protein as an a 2 & subunit of a Ca 2 + 
channel. The secjufince homology with the subunit pre- 
dicted a more widespread tissue distribution for the pHigaba- 
peu tin-binding protein than has previously been acknowledged 
(IX Indeed, radioligand binding assays revealed high concen- 
trations of [ 3 Hlgabapentin binding sites not only in brain, but 
also in skeletal muscle and heart, the distribution of [ 3 H] ni- 
trendipine sites was broadly similar to that for pHJgabapentin, 
although detailed differences in the relative levels of the bind- 
ing sites were apparent. However as [*H]g&bapeufc*rt probably 
labels both L- and non-L-type voltage-dependent Ca 2+ chan- 
nels, these differences are not unexpected. To further confirm 
the identity of the [*H] gabapentin-binding protein, we per- 
formed radioligand binding assays on cell Hues expressing the 
tx*8 subunit from rabbit s k eletal muscle. High, levels of specific 
( 3 H]gahapentin binding in the 2L cell fine, which expresses 
both a^S and & calchun channel subunits, were observed, 
whereas the parental HEK 293 Hue was almost devoid of ac- 
tivity. COS-7 calls traosfected with a^S cDNA alone, expressed 
>1 0-fold higher levels of l*H]gabapentin binding sites than 
control *<rfl*. THobo dntA wom opx^^otc^t with O2iprooaion of the 
protein, as measured by Western blotting using a poly- 
clonal antibody raised against the a a polypeptide. The ex- 
pressed cu£ protein bound PB)gabapentia with high affinity 
(J£ D = 16 mi; n = 2), broadly sim ilar to that determined for rat 
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muscle membranes. These studies argue strongly that 
PHJgabapeDtin hinds to the t^B subunit in our purified prep- 
aration and not to a minor contaminant, 

Most studies on the structure and funetUmal domains of 
Ca 2+ channels have focused on the L-type channel from rabbit 
skeletal muscle. This channel is a heteromultitneric complex 
composed of an subunit, which forms the Ca 2 * conducting 
pore, and three accessory suhunits: o^a, jS, and y. Although it is 
now well established that the « x subunit is the target for 
dihydropyridineo, early preparations of the "dihydropyddine 
receptor* apparently contained only an « 4 6 subunit (25). It is 
now knowft that these samples were "contaminated" with <x T 
subunits that were not visible on SDS gels. In view of t he 
heterologous expression studies described above, the possibility 
of [ 3 H]gabapentin's binding to subunits in our preparation of 
purified pig brain oc 3 fi waa unlikely. However, c^b and 0 sub- 
unit oDNAs have been shown to enhance the cell surface ex- 
pression of Qfhtransfecud ot x subunits (21, 23, 26). We consid- 
ered the possibility that tranafection of a^S cDNA might 
enhance the expression o£ host-derived o^ subunits. To address 
this, we. isolated L-type Ca^ channel complexes from rabbit 
skeletal, muscle membranes. Digitonin was employed as the 
solubiliaring agent, as it is reported to preserve the oligomeric 
structure of Ca 2jr channels (20). Pmifieation was achieved us- 
ing a combination of lectin chromatography and ion-exchange 
chromatography, as used by others (20, 26, 27), To allow frac- 
tionation of individual sub unit s, we planned to disrupt the 
Ca 2+ channel complexes by exchanging detergents. However, 
we found that this step waa not necessary; partial dissociation 
occurred during chromatography on Mono Q, even in digitonin- 
containing buffers. Two peaks of [*H]gabapentin binding activ- 
ity, which closely followed the elution of the c^S polypeptide, 
were observed. The a x and $ suhunits were found only in the 
second peak, presumably as atf and a^brf. complexes. The 
earlier elution, from ion-exchange columns, of dissociated o^S 
suhunits is in agreement with another study (20). The profile of 
the y subunit was not assessed by immunnblotting, although a 
faint band of the expected size (35 kDaJ was seen in the peak o^ 
fraction (Fig. 7A, Lane 7). Data from heterologous expression 
studies and purification experiments show conclusively that 
the single high affinity f*H]gabapentin binding site found in 
brain and muscle membranes is the subunit Moreover, it is 
clear that the binding of PHIgabapentin does not require the 
presence of the a t and 0 subunits. However, these suhunits 
may modulate the binding of [*H]gnbapGntln to CHS » a 3 subunit 
in hetero-augomeric complexes. A slight enhancement of bind- 
ing to the cfe8 subunit, in the presence of the <x x and $ subunits, 
is Suggested from the data in Fig. 7 (compere lanes 5 and 7) and 
Fig, 8 (a 7 immunoblot Compare /one 2 with lanes J and J), It is 
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Interesting to note that the subunit itself modulates the 
Wdui£ of ai-eoi^otojcin to the a x subunit of the N-type Ca 2 "*" 
channel (23). 

The biochemical properties of the purified pis brain 
, [*H]gabapentin-binding protein axe strikingly sitnilar to those 
of the subunit from rabbit skeletal muscle; the muscle a a S 
&ubu»it exhibits a characteristic mobility shift on SDS-poly- 
acrylamide gels, in the pre&ance and absence of reducing 
agents (24, 27); moreover, the removal of JV-linfced carbohy- 
drate from the o a suhunit, by exhaustive digestion with glyco- 
peptidase F, results in an apparent molecular mass of 105 kDa 
(28). The subunit is thought to be anchored to the mem- 
brane by a hydrophobic segment located in the 25-kDa £ pep- 
tide (24), although transmembrane segments in the larger 140- 
kDa c( 2 component have also been postulated (29). Although we 
have yet to confirm the identity of the 25-kDa component in our 
purified preparation by N-teiminsi sequencing, the poor stain- 
ing of the band on SDS-polyacrylamide gels is certainly a 
characteristic feature of the 8 polypeptide (28, 30). 

The alteration in the hydrodynamic properties of the pig 
brain PHI gabapentm-bin ding protein, which occurs during pu- 
rification, is almost certainly explained by the dissociation of 
the «l and 0 sub units. Takahaahi et at, (28) found that the 
Skeletal muscle a z S snbunit was associated with an ajfy het- 
erotrimeric complex in solutions containing either 0.5% digito- 
nin or 0,1% CHAPS. However, in 0,5% Triton X-lOO, the a 2 8 
subunit was found to dissociate from the tripartite; complex. 
Our hydrodynamic data suggest that the [ 3 H] gubapentin-bind- 
ing protein is associated with other proteins immediately fol- 
lowing solubilization with 0.4% Tween 20, and that dissociation 
begins on the Q-Sepharoae column. The presence of both tree 
and complexed a 2 S subunits may explain trailing of the 
Fftjgabapentui binding activity profile for this column. 

Mechanism of Action of GabapenUn — All anticonvulsant 
drugs must ultimately exert their actions by modulating the 
activity of the basic mediators of neuronal excitability: voltage- 
and neurototmsinitter-gsted ion channels. Our data suggest 
that the a 3 B Ca 2+ channel subunit may be the critical target at 
which gabapentin exerts its antiepileptic action. This is sup- 
ported by previous studies that have shown a correlation be- 
tween the affinity of Uganda at the [^Hjgabapentiu binding site 
and anticonvulsant activity (8). Other ligands acting at Ca 2+ 
channels have been shown to possess anticonvulsant properties 
in animal Seizure models. Fhinarizine is effective against elec- 
troshock-indueed seizures in rodents (31, 32); dihydropyridines 
prevent seizures elicited by pentylenetetrazol (31, 33), ethanol 
withdrawal (34), ^-methyl-n^sspartic acid, and the L-type 
Ca*+ channel agonist, BAY K 8644 (31). However, gabapentin 
is unique among Ca a * channel ligands in that it acts at the 
subunit rather than at the a 1 subunit. 

The physiological role of the subunit is not well under- 
stood at present. Co-expression of « fi 3 with the « T and p sub- 
units is known to be required for efficient assembly and func- 
tional expression of Ca a+ channel complexes (21, 23, 26). Since 
the «a$ subunit appears to be common to all voltage-dependent 
Ca 2+ channels (26, 35), it is conceivable that gabapentin mod- 
ulates the activity of more than one type of neuronal Ca 2r 
channel In mouse spinal cord neurons gabapentin blocked 
responses to BAY K 8644 (36), but in other studies gabapentin 
did not significantly aSact N-, or T-type vc4tage-dependent 
Ca 2+ channels (37). However, given the structural diversity of 
Ca^ channels, as revealed by molecular cloning studies (26 v 
36), data from a few electrophysiological studies should be 
interpreted with caution. At least six genes encoding Ca 2 ^ 
channe l subunits have been identified. Classes C, D, and 3 
are sensitive to dihydropYridmea (L-type), class B is sensitive 



to <i>-conotoxin GVIA (N-type), and class A is sensitive to w-aga- 
toxin XVA CP-type). Class E is resistant to the agents listed 
above (B- and T-type channels). At least four genes encode 0 
subunits, one gene encodes the a 2 S subunit, and multiple splice 
variants of a lT p and have been described (26, 35), The 
potential co mbin ational heterogeneity of Gn 2 * gfrflwH* at the 
structural level is enormous. It is possible that gabapentin 
exerts functional effects only with particular combinations of 
subunits. Moreover, these effects may be observed only under 
conditions that mimic closely the excessive repetitive dis- 
charges that characterize clinical epilepsy. Further studies on 
the cellular electrophysiological actions of gabapentin, in a 
variety of systems, are required before the actios of the drug at 
Ca 2+ channels can be fully understood. 

Finally, the data reported here show that the protein labeled 
by [*H] gabapentin in brain membranes is not the L-system 
transporter. However, the high affinity interaction of certain 
L-system substrates (e*g* L-leucine and ^methionine; Ref. 11) 
with the ogS subunit is intriguing. To our knowledge the effects 
of neutral amino acids on the functional activity of voltage-de- 
pendent Ca a+ channels have not been investigated. However, 
endogenous ligands such as these presumably compete with 
gabapentin in vivo for the binding site on the a a 3 subunit. This 
perhaps explains why the therapeutic concentration of gaba- 
pentin (2) is well above the K# of the drug at the (*Hf gabapen- 
tin binding site. We cannot say from present data whether the 
gabapentin binding site is located on the a 2 or the 3 component, 
or whether it is extraeeUularly or mfraeeUularly disposed. 
However, the heavy glycosylation of oj5 (24, 28) and weak 
labeling by hydrophobic photoaffinity probes (28) Suggest that 
the bulk of the subunit is found at the extracellular surface. 
Further studies on the topology of the a^B subunit and the 
precise location of the [*H] gabapentin binding site are 
required. 

In summary, we have purified and characterized a high 
Affini ty I 3 H] gabapentin-binding protein from pig brain mem- 
branes, N-tenninal sequencing has identified the protein as an 
o^fi subunit of a voltage-dependent Ca* 1 " channel This conclu- 
sion is supported by tissue distribution studies, by hydrody- 
namic data, by heterologous expression of cloned « a S cDNA in 
and HEK cells, and by radioligand binding and immu- 
noblotting studies on fractionated Ca** channel subunits. 
[*H] Gabapentin is the first ligand described that interacts with 
the ogfi sab unit. We suggest that modulation of voltage-de- 
pendent neuronal Ca 2 " 1, channels may be important to the 
antiepileptic action of gaoapentw, 

A ckzu>w lodgments — thank Dr. frfika Gore and Dr. I*awr*nc9 Hunt 
(University of Southampton) fox protein geqve*ciag, Dt, Peter 
PanegyrCa far help with the dissection of pig brain, and Dr. Sandy 
McKnight for the rabbit skeletal muscle tisane, 

REFERENCES 

L BartDmsyk, 0. £>„ Mpycrjofi, N„ flcmiann, W„ Sntxinfier, O.. and, top Jtpd*«« 
be**, A. C19SS} in Cumu FrobUm* in Spitemy, : JV*m AntiamvuUont Qrugi 
C**tw, *. &, and Pwter, «. J, odt> Vol. 4, pp, U7-U9, John LiWwy, 



2. Cfta, SL L., and Sorfcu, &. M. (1BS3) Drugs 46, 409~427 
a. Caadwkk; £>. (1&82) fax Recent Advance* in Epilepsy (FfidTay, At, and 
Mftkfrvm, B, S„ eds) pp. C3mx vhil) UviqgMdne, E^inWaiv 

4. (Wfiipl, GtotufaM, Lw, ^ Blnmhnrdt, w4 CW««V, (1987) 

J. M*ur*L Niurvrws* PvyehU&y SO, SS^SSS 
fi Tuylor, C, p. (1993) in N*w Trend* in Zptirpvy Mww&mtnV The Role of 
Gvtmpcwin (Chwrwck, <xi) pp, 34-40, RcyoJ SocMy o^Medwoe Ser- 

fi. Taylor, C P. (ldH)NcuivlQey 44, SlO-SXS 

7, Siiara-Chrahan, R t Webdalc p U HOI, D. R., and Wo6dn^, G. N. (1998) 
Eur, J, Pharmacol. 344, 29S-^0l 

5. 'V*yl6r, C. P„ Vartanian, M. Q„ Ynea, P. W„ Ksgc, C, dwrnm-Chatthoa, N„ 

«u4 tti», D. H (1938) Epilepsy Ac*. U, 11-16 
S. Ole^ R. J., SingK L,, J., and Woqdm^ O. N, W) $vc Xeurorei, 

Abstr. IB, 321-326 

10. Stewart, B. B. r ftigfor, A. K. T ThotapbOn, ft-, and Bockbradcr, ». (1893) 
Pharmacol. 10, 376^B1 



PAGE 20/21 * RCVD AT 5/10/2004 1:59:54 PM [Eastern Daylight TimeJ * SVR:USPT0-EFXRF-1/2 * DNIS:8729306 * CSID.7346222928 * DURATION (mm-ss):10-06 



May-1 0-2004 02:12pm Frora- 



PATENT PFIZER ANN ARBOR Ml 



7346222928 



T-285 P. 021/021 F-426 



5776 



The Fffittehapentin-binding Protein 



1L Tbwd»w,R.J,BH^J.P. > C^N.8.,HiO ? aR. 

&ur. J, Pharmacol. 347, 34 1 -£45 
12. Leung, A. T.» Imaeawa, T w ami Cowpball, K_ P. (38?) Jl fife*. CAm 28*> 

15. Leung, A_ T., ImA^wa, T., BUjc^ B.. FnkAidiii-AiTOtrpnK, C-, and Campbell, 

£ P. (198ft) ^ Bi6l CW 468, 994-1001 
14_ tfaVayraw, Koioy, T. L, Vagny. P, Mcn-ann*. 2L, «d &kwu¥fa, A. 
9i*L Chem. 302, 6S72-8S70 

16. Locmab, U. K. (1970} /Voiura 2ft7» 980-680 

W. IWbin, IL, Staahali*. T., and Gwlon. J. (1579) Proe. NaiL Acad. 3d. tf, $. A, 
70,4860-4884 

17. Graham, B. CL, Jr, LundhcUa, U n and Kanuwaky, M. J. (19*5) Jl Histodum. 

18. BuadjSarf, M, X (WO) Anal. StodW 72, 348-254 

Id. HJU, H, It, Swnan-Chaahan, N» m>d Wpgctra^ O, It ^ J- 

JffwnwW. 244, 803-800 
30. Hflrrnlh wi, a L., Hawkas, M. Jl„ BimaH, b% Cwk, It, Chans; * J„ aad 

Smilwwite, H. M, (1*89) fiiaa^mw^ 38, 7S2Q-7B38 
$1, Wi&axnt, M. Fetdman, Dl K, McCuc, A. F„ Breanor, 1L, Velieddbi, 0, 

SUia, S, B„ and Hafpold, M- M. (1092) JVcwm 8, 71-84 
32. Um, ^ I^KB^H. r X^P^ Kin^ K.G^ and Chin, H. (1092) Ave. JVdti. And: 

So. tt 5. A 80, 3251-3356 ' 
23. Brunt, P. R. Sttttem, McCae, A. F„ JteaJ, C. B., ScbeonniBkar, S M 
M. E., VtfeaUn, G. t Job*™, E. C, HnrpoW, M. M. t and 
a B. (1803) .VcwrsyWww<fy 32, 1080-1102 



24s Jay. S. D. T Sb^ A. H_, $, a, Vadvick, T. 8., HaxpoU, M. AC, and 
Cannball, K P. (lOOU J. Bid CW 288, 8*87-8*2*^ 

28. Bcmjotta, M., Burnanfa, ^ Toaaot, M., and Lazdtnuld, M, 05*6)^, 5^ C3bL 
200, 14255-14203 

20, Iaom, L. L^De Jough, X. S„ and Cattarall, W. A. (1S»4) Nwron 12, 1183-1194 

27. Da Jcngh, K. Wamaf , C, and CatMrfAU, W. A* (1090) J. C%on. 80S, 

1*73$-14741 

28. Takaha^ii, ML, M, X, J, F n Sebcr. B.P_>and CaueraH, W. A* 

(WV?mrtQ&Acwt.3cL U. a A. 54, 5478-8482 

29. 5Uia ( S. B.» WUliawi. M. B.. Waya. N. K ( Bnna«r r It, Shan, A. H. f Le*vs& 

A. Campbell, 2L P., McKanna, B , Koch, W. J., Bw, A, Schwartz A,, and 
Harpold, M ML (1388) 5(^h* Ml, 1^6l-l«84 

30. Sh^rp, A. H. f and CampUU, K P. (1900)^, CJW 204, 2810-2825 

31. Palmar, G. C_, SUgnitlx», Mr 3L, Ray, It Knmrlaa, M. A, T Barrey, R» and 

Gwdwj, O, t. (1908) XpiUnma 84. 072-880 

32. X>«md% K. C, NienacMn, C J. IL, and Jftmao, P. A. J. (1076) 

Mmtimimtlfcrxh. 26, 1408-1418 
38. Cxuczwar. S. J, Malak, U.. and KWnrak, (1900) N^unpkexrmAtoL^y ss>, 
948-048 

34. Lictk\ H. J., Dolln, 3. J., and RaW, W. X (10067 ^ Sd. 30. 20GS-S06« 

85. Hoftnamx F, Bial, a^d Flonkand, y, (1994) Arum. Jba 17, 

090—418 

86. Wama, A W, Mdaan, M, ^ ^mJmite, T. N„ and Taykr. C. P. (1001) 

N6t»ft>Iq& Al t SuppL 1, 140 

87. Rock, D. IkL, Kilty, K. M, and MwWd, 5t L. (1993) 5p^p<y Ata. 16, 



PACE 21/21 * RCVD AT 5/10/2004 1:59:54 PM [Eastern Daylight Time] * SVR:USPT0-EFXRF-1/2 * DNIS:8729306 * CSID:7346222928 * DURATION (mm-ss):1O-06 



